Introduction
Several different New Zealand economic models produce measures of rural economic activity that have greenhouse gas (GHG) implications. ' produce forecasts of agricultural commodities. For climate change analysis, all of these models need to translate economic activity into greenhouse gas emissions.
This document estimates functions and creates projections for land-use related greenhouse gas emissions per unit of economic activity that are simple; are based on readily available data and strong science; are consistent with the national inventory in 2002; evolve so that implied net emissions approximately match past inventory totals (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) ; and can be linked easily to a variety of models so they can be used in simulations. This will allow different researchers who are studying activity levels in the rural sector to draw on a consistent set of emission functions when considering the greenhouse gas implications of their model results. All the data used to create the functions are available at www.motu.org.nz/dataset.htm (Greenhouse gas emissions factors v1) so other researchers can easily replicate and apply them.
We estimate dynamic greenhouse gas emission functions for five land uses: dairy, sheep, beef, plantation forestry, and indigenous forests, and for three greenhouse gases: methane, nitrous oxide, and carbon dioxide. We use an approach based on the consensus reached at the November 2004 "Land Use, Climate Change and Kyoto: Human dimensions research" project research workshop. We would like to acknowledge all of the participants at our workshop who contributed to designing this approach but are in no way responsible for any 1 For details of the construction and use of LURNZ v1 see omissions or errors. 
National inventory report
Every year the Ministry for the Environment compiles a national agriculture, and land-use change and forestry.
The two main greenhouse gases emitted in the agricultural sector are methane (CH 4 ) and nitrous oxide (N 2 O). Methane is emitted from enteric fermentation in domestic livestock and from animal excreta on agricultural soils; nitrous oxide is emitted directly from agricultural soils and animal excreta on agricultural soils, and indirectly from nitrogen used in agricultural fertiliser.
In the 2003 inventory report, emissions from agriculture are calculated using data on agricultural activity and estimates of emissions made by scientists.
Data on animal productivity from MAF is used to estimate the amount of food eaten by the livestock (in terms of dry matter intake To calculate net emissions related to rural land use, the greenhouse gas emissions and removals are made equivalent by converting to a carbon dioxide equivalent, which then allows the different emissions to be summed. This conversion is done using measures of global warming potential (GWP). GWPs represent the relative warming effect of a unit mass of the gas when compared with the same mass of carbon dioxide over a specific period; for the inventory this period is 100 years (Table 1) . We express emissions and removals in this paper as carbon dioxide equivalent, calculated using the GWPs specified by the UNFCCC 
LURNZ GHG module
In this paper, we outline the implied emissions factor (IEF) approach included in the LURNZ greenhouse gas module. An IEF represents the expected emissions from a unit of economic activity. In theory the same emissions models could be used in LURNZ and for other economic analyses as in the national inventory. This is not feasible in reality because the models on which the national inventory is based are complex and often involve proprietary or confidential information. Thus they cannot be replicated or adapted for wider use. The complexity also makes it difficult to forecast emissions per unit of economic activity without in-depth knowledge of the underlying models. The GHG module in LURNZ contains functions designed to be consistent with the national inventory levels in 2002 and trends over the previous decade, and that can be used to calculate the GHG implications of changes in rural activity. Basing the LURNZ IEF approach on the national inventory allows relatively easy updating to future national inventories when the underlying models change.
Changes in activities related to rural land use will affect greenhouse gas emissions or removals. The purpose of creating emission functions is to allow us to calculate the greenhouse gas implications of simulated changes in future activity levels. Where appropriate, we create dynamic functions because emissions per unit of activity are not necessarily constant over time. Accounting for changes over time will increase the accuracy of simulations and mean that our simulations will be valid further into the future.
We designed the 'implied emissions factors' (IEFs) so that the total emissions, implied by different rural activity models, will match inventory total The total emission implications of any activity prediction can be calculated using the IEF function. The IEF function is evaluated for the particular year of interest giving the amount of greenhouse gas emitted per unit of activity.
Multiplying this by the forecast activity level for the specific year gives the total emissions related to the activity:
PSRM and LURNZ estimate activity levels annually, and are estimated from annual data. LTEM is calibrated against annual data as are the CGE models.
However, the national inventory is derived from three-year rolling averages of activity levels. We want the estimates of greenhouse gases, based on translating the activity levels from these models using the IEFs developed here, to match the inventory in 2002. Consequently, we developed IEFs using the inventory total emissions but based on annual activity level data.
Data

GHG emissions data
We Table 2, Table 3 and Table 4 . Our carbon accumulation rates for plantation forestry are based on the age-class carbon yield tables given by Te Morenga and Wakelin (2003), which are the tables used for national inventory reporting (Table 5) (Table 6 ).
Activity data
Our stock number data were provided by Rod Forbes at MAF and are based on the Statistics New Zealand (SNZ) agricultural production census/survey data (see Table 2 ). 2 We use area by land-use data prepared by Kerr and Hendy (2004) , based on SNZ agricultural production census area data calibrated to match the land cover database in 2002 (LCDB2) ( Table 7 ). The volume of fertiliser applied was taken from the national inventory report (Table 4) .
Developing implied emission factor functions
We . 3 This increase in productivity has resulted in an increase in per animal emissions. When animals produce more meat, milk, or offspring in a year they require a higher energy intake. This means they consume more food and emit more methane.
As well as capturing productivity trends related to animals becoming fatter and producing more offspring, our IEFs will include trends in emissions related to the number of animals that are born and culled within the same farming year. This is because our livestock numbers are based on total number of animals at June 30 of each year, but our total emissions figures take into account emissions from all animals over a farming year. So our animal numbers will not include any increasing trends in these offspring, but their emissions will be captured by increases in the IEFs. The physical productivity of New Zealand's ruminant livestock is expected to continue to increase into the future . Because productivity in New Zealand is much lower than other countries, there is thought to be much scope for it to increase. Consequently, per animal emissions are also likely to continue to increase. 5 We fit trend models to historical series of emission functions.
Commonly used growth models include linear, logarithmic, and exponential growth. Fitting a model that has non-decreasing slope, such as one of these models, will mean that any forecasts of the IEFs will have continued positive growth. In the long term, this is likely to be unrealistic as it is commonly expected that there will be a physical limit to productivity growth .
However, the IEF trends over the last decade appear to be roughly linear with definite positive slopes for each of the livestock types (see Figure 2 ) and, as we mentioned above, there is considered to be plenty of scope for more increases before any physical limit is reached. So, models with positive growth are likely to remain valid in the short to medium term.
Using an exponential growth model would imply exponentially increasing growth. This may be appropriate in the very short term, especially for dairy, which has had large increases in productivity in the last few years. Any model we fit that has exponential growth now, however, would likely need an inflection point at some time in the near future. We do not have enough explanatory data to fit this type of model. The linear and logarithmic models are likely to remain valid for longer without an inflection point. Consequently, we fit logarithmic and linear models to our IEF data and assess which is the better fit.
6 Table 1 shows the results of fitting the linear and logarithmic models to the IEF time-series, with both constrained to match the inventory in 2002. Both models have virtually the same explanatory power for dairy emissions, explaining around 70% of the variation. The linear trend model has greater explanatory power for sheep, explaining 94% of the variation. The linear model is also a better fit for 5 There is a second order effect that could work to partially offset this trend. There is potential to increase animal productivity by decreasing per animal emissions. Production methods and new technologies that help animals become more efficient at converting food into energy could also result in lowering the emissions per unit of dry matter intake (DMI beef. However, although the trend is highly significant, it explains only a small amount of the variation: about 25% in the linear model.
The low level of explanatory power in the beef IEF will be mostly due to a data artefact. The beef livestock numbers are very noisy. If the national emissions we use were created from the same livestock numbers, much of the noise would be cancelled out in the IEF series. The national inventory total emissions that we use to create the IEFs are created from three-year rolling averages of beef numbers, which dampens the noise. As a result, when we divide the national emissions series by the annual animal numbers to create the IEFs, the noise is not cancelled out.
The fact that we constrain our IEFs to match 2002 and we do not use three-year rolling averages means that our dairy IEF will slightly underestimate emissions per animal, and our beef and sheep IEF will slightly overestimate emissions per animal.
We selected the linear trend model for each of the animal types in our greenhouse gas module because of the greater explanatory power. The black lines in Figure 2 show the fitted lines. 
where the constant accounts for emissions related to goats, horses, swine, and deer.
Emissions from livestock excreta
In this section we develop dynamic IEFs for nitrous oxide and methane emissions from livestock excreta on soil per animal from dairy, beef, and sheep The amount of nitrogen in animal excreta is related to animal productivity. As with enteric methane, nitrogen in animal excreta is a by-product of animal productivity (Kelliher et al, 2003) . As discussed earlier, animal productivity has increased over the last decade and is expected to continue increasing in the near future. Thus, we would expect nitrous oxide emissions to also increase in the future due to increasing productivity.
The amount of nitrous oxide and methane emitted from livestock excreta will also be influenced by manure management. Farmers can potentially reduce their livestock excreta emissions through manure management, especially for dairy, whereas they cannot reduce their enteric methane emissions. Thus, increases in animal excreta emissions could potentially be dampened by trends in emission reductions through manure management. We would not expect to see any systematic trend in emissions related to weather; it will only introduce noise into our series. over enteric methane emissions). We can see that the two IEFs basically follow the same trend. So, for internal consistency within this module, we use the trend estimated from the enteric methane emissions time-series data as our measure of productivity, rather than estimating a new trend. 7 The inventory for livestock excreta includes productivity changes as they affect nitrous oxide emissions, changes in manure management, and changes in the number of 'average' relative to June 30 animals. However, it ignores any productivity-related trend in methane emissions from livestock excreta. In contrast, our 'productivity' trend estimated from enteric methane emissions incorporates productivity changes and changes in 'average' livestock numbers but excludes manure management. Thus manure management is not the only difference between the two series, which weakens our conclusion about lack of a trend in manure management. However, methane emissions from livestock excreta are very small so this is probably not important. 
The constant accounts for livestock excreta emissions related to other animals.
Emissions from fertiliser
In this section we measure the IEF in relation to the tonnes of nitrogen applied to the soil. Our IEF covers total fertiliser emissions, including direct emissions from fertilisers, indirect emissions from volatisation, and indirect emissions from leaching. When calculating fertiliser-related emissions, the inventory uses a constant emission factor, 6.82 tonnes CO 2 e per tonne fertiliser, for nitrous oxide emissions from fertiliser with the amount of fertiliser applied varying over time (Brown and Plume, 2004) . This means that our fertiliser IEF will also be constant. 
Emissions and removals from land use change and forestry
Emissions and removals in plantation forestry
As plantation forests grow they remove carbon dioxide from the atmosphere, storing carbon in biomass. When the forests are harvested, this biomass carbon can be released through the logs that are removed and the harvesting residues that remain on the ground. If the harvested land is replanted, the residue remains on the ground and decays slowly over the first few years (Te Morenga and Wakelin, 2003) . However, if the forest is converted to another land use it is probable that the residue is removed (e.g. burnt), and the biomass carbon from it is emitted immediately. Because forestry activity data is more complex than animal numbers, depending on age-classes as well as total activity, we take a different approach to IEFs. We calculate the IEF for forestry for each age-class (see Table 5 ) by calculating the change in carbon between the age-classes. The IEF for age-class zero in rotation 2 depends on the age of harvest of the previous rotation. We assume this to be on average 31 years, so that we are consistent with Te Morenga and Wakelin (2003) assumption for inventory reporting. The IEF for deforestation is equal to the amount of carbon stored on the forest land for a given age-class and rotation.
The inventory reports 2002 net emissions from plantation forestry derived from forest and deforestation area data, disaggregated by annual age-class and rotation.
These data are not publicly available so we cannot directly replicate the inventory report results.
Hendy and Kerr (2005) use annual age-class area and deforested area, which are in the public domain. We assume that all forest is rotation 2 and that the deforested area is all 31 years old. We calibrate the annual age-class area to match LCDB2 in 2002, with the age-class distribution scaled uniformly. We also use 8 In particular, we do not take account of pruning regimes or changes in the productivity of forest.
annual rather than the three-year rolling averages used in the inventory. 
Emissions and removals in scrubland
Land reverting to scrub will remove carbon dioxide from the atmosphere, storing it as carbon. If the scrub is cleared and the land converted to another land use, the carbon will be released.
Emissions related to scrubland being cleared are included in the national inventory but removals of GHG by land reverting to scrub are not included; the amount of carbon in the scrub comes from Hall et al (1998), who do not provide data on scrub sequestration by age-class. 9 We create IEFs for both emissions and removals for all ages of scrub. Consequently, because we need our emissions and removals data to be consistent, we use different data than the inventory. We use the carbon accumulation rates by scrub age incorporated in the 
IEF
is based on accumulation rates by age given in Table 6 , adjusted to account for heterogeneous ages of scrub across a hectare of reverting land. We assume that a hectare of scrubland will be on average fully covered after 10 years of reversion, assuming a sigmoidal distribution of ages. 11 After 10 years, a small fraction of the hectare will be 10 years old, 50% will be 5 years and older, etc. We apply the carbon accumulation rate table to the age distribution for every year of reversion, creating carbon yield and accumulation rate tables by year since reversion began. Figure 1 shows how accounting for heterogeneous ages within scrub affects the average accumulation rate and hence the reversion scrub IEF which is the negative of average accumulation. Table 6 shows the Net emissions related to reverting scrubland can be calculated by: 
where yr is the years since reversion began.
Summary
The greenhouse gas module of LURNZ gives a way of translating simulations of rural activity levels from any model into their greenhouse gas emission implications. To do this, the rural activity levels first must be translated into dairy, sheep, beef numbers, fertiliser tonnage, plantation forestry area changes by age, scrubland area changes by age. LURNZ produces forecasts of land use, so has a separate land use intensity module to translate land use into implied animal numbers and fertiliser use. GTEM and the New Zealand CGE models could potentially use a similar approach to translate their forecast commodities into impacts on animal numbers, fertiliser, and forest area. Once the activity levels have been translated, the net greenhouse gas emissions for a specific year can be calculated by simply multiplying the IEF evaluated at that year by the translated activity levels: 
where i={Dairy Beef, Sheep}, a=age-class, r=rotation, yr= year since reversion began. Source: * Landcare Research's Carbon Calculator (Trotter, 2004) . 
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